Monitoring and controlling 2 language systems is fundamental to language use in bilinguals. Here, we reveal in a combined functional (event-related functional magnetic resonance imaging) and structural neuroimaging (voxel-based morphometry) study that dorsal anterior cingulate cortex (ACC), a structure tightly bound to domain-general executive control functions, is a common locus for language control and resolving nonverbal conflict. We also show an experience-dependent effect in the same region: Bilinguals use this structure more efficiently than monolinguals to monitor nonlinguistic cognitive conflicts. They adapted better to conflicting situations showing less ACC activity while outperforming monolinguals. Importantly, for bilinguals, brain activity in the ACC, as well as behavioral measures, also correlated positively with local gray matter volume. These results suggest that early learning and lifelong practice of 2 languages exert a strong impact upon human neocortical development. The bilingual brain adapts better to resolve cognitive conflicts in domain-general cognitive tasks.
Introduction
Everyday life requires us to monitor cognitive conflicts induced by distracting information from either perceptual sources (e.g., competing traffic signs when driving) or internal sources (e.g., thoughts about matters irrelevant to the current goal). The anterior cingulate cortex (ACC) is an important component in the neural circuit mediating cognitive control and one intimately tied to monitoring conflicting information Botvinick et al. 2004) . Language use also requires cognitive control and plausibly recruits a similar circuit (Abutalebi and Green 2007) . The demand for such control is most evident in bilinguals, and such speakers provide an opportunity to test the generality of the neural mechanisms involved in cognitive control.
Bilinguals must monitor and select the relevant language for discourse. For example, when a speaker of just one of the languages in current use enters conversation, each bilingual must deliberately switch away from the language the new person does not know to the one that they do know. They must react to the change in circumstance and ensure that they continue speaking in that language even when addressing the other original participant who speaks both of their languages. Here, they can act proactively. In contrast to monolingual speakers, bilinguals have to avoid items from the nontarget language that expresses the same concept. When a Spanish--English bilingual addresses a monolingual English speaker about neuroscience, she has to withhold the Spanish word ''neurociencia'' (Rodriguez-Fornells et al. 2002; Abutalebi and Green 2007) . In most situations, bilinguals are successful in selecting the intended language, but sometimes, a word of the nontarget language intrudes and a cross-language speech error arises. This common observation indicates that in the bilingual brain, words from the different languages compete with each other. Such unwanted interference between languages can be characterized as ''language conflict. '' How do bilinguals control their 2 language systems and avoid these language conflicts? Recent work (Crinion et al. 2006; Wang et al. 2007 Wang et al. , 2009 Guo et al. 2011; Garbin et al. forthcoming; Zou et al. forthcoming) suggests that bilinguals use neural regions similar to those responsible for nonverbal cognitive control including the dorsal ACC, the prefrontal cortex, and the caudate nuclei. A limited number of studies have examined the neural response to nonverbal conflict in bilinguals using either a nonverbal interference task (Bialystok et al. 2005; Luk et al. 2010 ) or a nonverbal switching task (Garbin et al. 2010) . Activation associated with the control of interference typically included the ACC/pre-Supplementary Motor Area (SMA). However, these studies have not also included a language control task. It therefore remains to be determined whether the neural regions supporting language control are the same as those supporting cognitive control in nonverbal domains.
In order to directly examine the link between the regions involved in control of language conflict and those involved in cognitive control, more generally, we need to examine the regions involved within the same study. Accordingly, we asked bilinguals to perform a language control task (i.e., language switching) and a nonverbal conflict task (a flanker task) during the same event-related functional magnetic resonance imaging (er-fMRI) session
If bilinguals constantly use networks that support domaingeneral cognitive control, then the interesting question arises as to the neural consequences of this extra use of executive control. Our hypothesis was that early and lifelong bilingualism (i.e., practice in monitoring language conflicts) induces beneficial neural changes upon brain structures mediating cognitive control, specifically the ACC. Bilinguals we supposed might be better adapted to manage interference/conflict.
We investigated the neurofunctional and structural consequences of bilingualism by comparing our group of highproficient bilinguals who acquired their second language relatively early in life with a group of monolinguals who performed the same nonverbal task. In order to ensure comparability with the bilingual group, monolinguals also performed a language-switching task but within the one language they knew. We hypothesized that in bilinguals at least there would be a strong correlation in the ACC between the functional activation induced by resolving nonverbal conflict and gray matter (GM) density. Voxel-based morphometry (VBM) is commonly employed to detect regional group differences in GM (or white matter [WM] ), tissue volume, density, or concentration (e.g., Maguire et al. 2000; Schneider et al. 2002; Mechelli et al. 2004; Bermudez et al. 2009 ). However, the technique can also be used to investigate correlations between regional GM measures and clinical, neuropsychological, or behavioral--functional variables (Ashburner and Friston 2000; Good et al. 2001) . We implemented the latter approach and thus performed a hypothesis-driven VBM ''functional--structural'' correlation study in order to assess differences between bilinguals and monolinguals in the strength of the association between fMRI activity driven by conflict and GM density in the ACC.
If bilinguals are better adapted to manage conflict in a behavioral task, then they may also more readily adapt to the specific kind of conflict. We divided the nonverbal conflict task into 2 sessions in order to investigate adaptive changes in each group. Prior behavioral research has found a bilingual advantage in a range of nonverbal conflict tasks (Bialystok 2009 ), but functional changes over time have not been examined.
Materials and Methods

Subjects
The participants comprised 17 healthy high-proficient German--Italian right-handed bilinguals (all females; mean age 23.35, standard deviation
[SD] ±4.59) and 14 healthy Italian right-handed monolinguals (all females; mean age = 26.55, SD ±4.15) with a comparable educational (i.e., university students or graduates) and socioeconomical background. Individuals with a history of inpatient psychiatric care, neurological disease, or head injury were excluded. Bilingual participants came from South Tyrol, a bilingual region in Italy in which the first language (L1) is German. However, Italian (L2) is also acquired early in life (i.e., kindergarten age). We assessed their language proficiency using translation tasks (see Perani et al. 1998; ). Monolingual participants were from mainland Italy.
The study was approved by the University Vita-Salute San Raffaele Research Ethics Committee and was carried out in compliance with their guidelines. Written informed consent was obtained from all participants.
Stimuli, Design, and Experimental Procedures for the fMRI Studies
Language Switching Bilinguals. We investigated language switching using er-fMRI and a naming paradigm. The required language was indicated by the color of the image (green for German and blue for Italian). We contrasted switching trials, where the language of the specific trial differed from that of the preceding trial (i.e., naming a picture in L1 after naming one in L2 and vice versa), and non-switch trials, where the language of that specific trial did not differ from the preceding one (e.g., naming a picture in L1 after naming one in L1). This experimental paradigm has been successfully employed in behavioral studies (e.g., Costa and Santesteban, 2004) .
For both languages, 32 different pictures were selected from the Snodgrass battery (Snodgrass and Vanderwart 1980) . All pictures, 8.5 3 8.5 cm, were presented in both conditions (naming in L1 and in L2).
Each picture was repeated 3 times totaling 96 stimuli for each language. Two prerandomized lists were created to balance the alternation of switch trials and non-switch trials (with a maximum number of five non-switch trials before each switch trial). Across 2 experimental runs, there were 48 switch trials (for each language) and 48 non-switch trials (for each language). We also maximized the number of trials (16) between each picture occurring in the same language and between languages in order to limit priming effects and cross-linguistic interference. All stimuli were controlled for frequency based on the German (Genzel et al. 1995) and Italian norms (Laudanna et al. 1995) . The experimental runs were randomized across participants.
Monolinguals. Monolingual participants completed a different naming task in order to reproduce an experimental setting as similar as possible to the bilingual setting. An artificial switching context consisted in the production of a noun or verb associated with the same set of 32 pictures selected for the bilingual experiment (for prior use of this procedure, see . Stimuli were also randomized and pictures separated by the maximum number of trials between first and second appearance as in the bilingual paradigm. Color again coded for the required task, in this case, red for nouns and green for verbs.
Practice and Procedure
Prior to scanning, participants practiced naming pictures according to the color cues using a set of pictures different from those in the scanning session. We supposed that such practice would mitigate any prior semantic associations between color and response (e.g., between green and ''go'' or between red and ''no go''), though we stress that any such associations are not material because our interest lay in the difference between switch and non-switch trials and this difference is unconfounded by such associations. Participants were also trained to minimize head, jaw, and tongue movement while naming in order to reduce the amount of movement artifacts. During the experiment, participants viewed projected pictures (available for 2 s each) via a mirror system attached to the top of the head coil. In order to optimize statistical power (Dale 1999) , the inter stimulus interval (ISI) was jittered with a blank screen of either 1880 or 3550 or 4950 ms appearing between each trial. Participants named each picture out loud but technical constraints precluded the recording of reaction times (RTs), but we were able to perform an error analysis.
The Flanker Task (i.e., Conflict Effect) in Monolinguals and Bilinguals Participants indicated as quickly and as accurately as possible whether a central arrow (the target) pointed to the right or left by pressing 1 of 2 buttons on a response pad. Accuracy and RT were recorded. The target arrow was presented along with 4 flanker stimuli: Arrows pointing in the same direction as the target (congruent trials) or in the opposite direction (incongruent trials) or flanking lines without arrowheads (neutral trials). A fixation cross stayed on the center of the screen during the whole trial (Fig. 1) .
As in Fan et al. (2005) , the target stimulus could be preceded by different visual cues (no cue, center cue, double cue, and spatial cue) allowing for the calculation of the so-called alerting and orienting effects (Costa et al. 2008) . However, given our purpose, we focused only on the conflict effect. Congruent, neutral and incongruent trials were distributed evenly across the different type of cues and presented in 2 experimental runs of 96 trials each under a different random order. Our key behavioral contrast between congruent and incongruent trials was therefore based on 64 trials for each type across the 2 runs. The event presentation is illustrated in Figure 1 .
During the fMRI experiment, stimuli were presented to participants through the same system and software as in the language switching study (see above). The ISI was the same as in the language switching study. Before scanning, all participants underwent a training session consisting of 20 trials.
For both groups, the two language switching runs and two flanker runs were always presented in a consecutive manner, although the order of presentation of the language switching task and the flanker task was counterbalanced across subjects in each group.
Imaging Procedures, Acquisition, Processing, and Statistical Analysis MR images were acquired with a 3-T Achieva Philips MR scanner (Philips Medical Systems, Best, NL) equipped with an 8-channel sense head coil.
For functional scans, an echo planar imaging (EPI) fMRI event--related scan was used (time repetition [TR] = 2400 ms, time echo [TE] = 30 ms, Field of View = 240 3 240, matrix size = 128 3 128, 30 contiguous axial slices per volume, 210 volumes for each run of language switching and 222 volumes for each run of the flanker task, slice thickness = 4 mm, sense reduction factor = 2). Ten dummy scans preceded each run to optimize EPI image signal.
For the structural imaging, an axial high-resolution structural MRI was obtained for all subjects (magnetization prepared rapid gradient echo, 150 slice T 1 -weighted image, TR = 8.03 ms, TE = 4.1 ms; flip angle = 8°, TA = 4.8 min, resolution = 1 3 1 3 1 mm).
fMRI Studies Data were preprocessed and analyzed using SPM5 (Statistical Parametric Mapping; Wellcome Department of Cognitive Neurology, London, UK). Slice-timing correction to correct for the different sampling times of the slices was performed by interpolating the voxel time series using sinc interpolation and resampling with the middle (15th) slice in time as a reference point. All functional volumes were realigned to the first one in the time series to correct for between-scan motion and subsequently realigned to the mean of all images. The structural T 1 -weighted volume was first segmented to create a biascorrected image and correct for intensity inhomogeneities. This biascorrected structural image was in turn segmented using the ''unified segmentation'' function in SPM5. This algorithm is based on a probabilistic framework that enables image registration, tissue classification, and bias correction to generate a normalization transformation.
The derived spatial transformations for each participant were applied to the original structural and realigned functional volumes, in order to place them into standardized Montreal Neurological Institute (MNI) space. After normalization, all volumes were resampled in 2 3 2 3 4 mm voxels. Finally, the functional T Ã 2 -weighted volumes were smoothed using a Gaussian kernel with 8 mm full-width at halfmaximum (FWHM), in order to account for any residual betweensubject variation and allow application of Gaussian random field theory to provide for corrected statistical inference.
Functional data were analyzed using SPM5 employing a random effects model implemented into a two-level procedure. At the first level, in a subject-specific analysis, we specified a general linear model including 16 effects of interest: 4 events corresponding to the switching context (switches into L1 and L2, non-switch trials in L1 and in L2 for the bilingual group; switches to nouns and verbs, nonswitch trials for nouns and verbs for the monolingual group) and 12 events corresponding to the flanker task. These latter events resulted from crossing the values of our primary factor, flanker type (neutral, congruent, and incongruent) with type of visual cue (no cue, center cue, double cue, and spatial cue).
All effects were modeled by convolving a delta function of each event type with the hemodynamic response function to create regressors for each effect. Movement parameter estimates produced by the realignment procedure were entered as covariates of no interest in the first-level single-subject design matrices, in order to correct for potential movement artifacts. Temporal autocorrelation was treated with an AR(1) regression algorithm setting a high-pass filter of 128 s. We used the global scaling option to adjust for global differences over the 4 separate runs (2 for each task).
Task Effects (Language Switching and Conflict Monitoring)
One-sample t-test. In order to assess the effects of conflict monitoring, namely ''the conflict effect,'' we first focused on 2 comparisons of interest in each group separately: switch versus non-switch trials in the naming task and incongruent versus congruent trials in the flanker task. For the switching contrast, we compared all switching trials versus all non-switching trials (independently of the language in use in the bilingual group) since this comparison may reveal areas engaged during language control . For the conflict effect in the flanker task, the comparison between incongruent and congruent trials was computed collapsing across cue type for both groups of subjects. For each of the four comparisons of interest (2 contrasts 3 2 groups), a contrast of parameter estimates was calculated in a voxelwise manner to produce a ''contrast image'' for each participant. For each contrast of interest, a one-sample t-test was performed for every voxel in the brain to obtain population inferences for each group. The resulting set of voxel values for each contrast constituted the SPM{t}. The threshold for SPM{t} maps was set to P < 0.001 uncorrected for multiple comparisons at the voxel level. The statistical threshold for the spatial extent test on the clusters was set at P < 0.05 cluster family-wise error (FWE) correction over the search volume for each contrast.
Conjunction analysis. Subsequently, in order to test the hypothesis that language-switching and the conflict effect contrasts activate common areas, we conducted a conjunction analysis for each of the 2 groups over the switching contrast and the conflict effect, using a second level two sample t-test and testing against conjunction null (Nichols et al. 2005 ; see also Friston et al. 2005) . For the conjunction analysis, individual voxels were significantly activated only if each subject activated the identical voxel at or above a height threshold of P < 0.05 (uncorrected) in each of the 2 contrasts of interest. Thus, results were assessed at a conjunction threshold of P < 0.0025 (0.05 3 0.05).
As we hypothesized that activation produced by language switching should overlap with that produced by conflict in brain areas that subtend domain-general cognitive control, and specifically ACC, we used a reduced search volume with a radius of 10 mm centered on the maxima of the 2 main contrasts (language-switching and conflict effect) as proposed by Friston et al. (2005) . Activations in the ACC were small volume corrected for FWE at voxel level (P < 0.05) around cluster peak coordinates.
Conflict Monitoring
Search volume for the ACC cluster. Given that we had an a priori hypothesis that the conflict effect of the Flanker task would activate the ACC Fan et al. 2003 Fan et al. , 2005 ) and since we identified the ACC as the region of activation common to both tasks Figure 1 . Schematic representation of the flanker task. The stimuli are illustrated in (A). In congruent trials, the direction of the central arrow was the same as that of the flanker arrows, while in the incongruent trials, the direction of the central arrow and the direction of the flanker ones was different. There were also some filler trials (i.e., neutral trials) in which the central arrow was flanked by lines without arrowheads. In (B), the events in a trial of the flanker task are reported. First, a fixation cross appeared at the center of a computer screen. After 400 ms, a row containing the 5 arrows appeared remaining for 1700 ms. Subjects were instructed to pay attention only to the arrow in the center of the row and to respond as fast as possible in what direction the middle arrow pointed to. If pointed to the left, they were asked to press a button of the response box and if pointed to the right, they were asked to press a different button of the response box. The conflict effect properly is calculated by subtracting responses of congruent trials from those of incongruent trial.
(i.e., language-switching and conflict effect) for all further analysis, we limited our search to the ACC region defined by the 2 clusters of activation elicited by the conflict effect contrast in each group of participants. Specifically, MarsBar (Brett et al. 2002 ) was used to define 2 binarized masks of the ACC cluster of activation based on the ''functional'' conflict effect contrast (incongruent trials vs. congruent trials of the Flanker task) specified at the random effects level for each group (bilinguals and monolinguals). The contrast images at the group level were thresholded at a voxelwise intensity threshold of P < 0.001 and P < 0.05 corrected for spatial comparisons across the whole brain. Mask 1 corresponded to the ACC cluster highlighted in the bilingual group SPM(t)-statistic map resulting from the one-sample t-test for the conflict effect (see previous section). Mask 2 corresponded to the ACC cluster highlighted in the monolingual group SPM(t)-statistic map resulting from the one-sample t-test for the conflict effect (see previous section). A single ACC conflict effect region resulting from the ''union'' of Mask 1 and Mask 2 was then created. This ACC region was generated using the ImCalc tool in SPM5. The union was computed as the sum of all voxels included in each group for the conflict effect contrast (a value of 1 was assigned to any activated voxel in the ACC cluster between the 2 groups and 0 to all the voxels outside the ACC activations). The search volume for this region was 73 840 mm 3 corresponding to 4615 voxels.
Two-sample t-test (magnitude of conflict effect). To test for differences in the magnitude of the conflict effect between the 2 groups (monolinguals vs. bilinguals and vice versa), a second level analysis was performed using a two-sample t-test. SPM(t) maps were thresholded at P < 0.001 uncorrected for multiple comparisons at the voxel level and P < 0.005 cluster FWE correction over the search volume.
Session effects (bilinguals vs. monolinguals).
Since we observed a significant reduction of the conflict effect in the bilingual group, we further specified the neural response in bilingual and monolingual participants. In a second-level analysis, contrast images for each subject were entered in a 2 3 2 mixed design analysis of variance (ANOVA), with the conflict effect for each session (Session 1 and Session 2) as a within-subject factor and group (bilinguals and monolinguals) as a between-subjects factor. Within this ANOVA, we isolated brain activations in the ACC as a function of group by contrasting 1) incongruent trials versus congruent trials in Session 1 for bilinguals, 2) incongruent trials versus congruent trials in Session 2 for bilinguals, 3) incongruent trials versus congruent trials in Session 1 for monolinguals, and 4) incongruent trials versus congruent trials in Session 2 for monolinguals. The cluster of activation in ACC was revealed by the main effect.
All statistical maps were thresholded at a voxelwise threshold of P < 0.005 (uncorrected). We subsequently limited our search to the ACC conflict effect region (73 840 mm 3 ) when we evaluated the contrasts for the main effect of the conflict effect broken down by session and group. As in the previous analysis (two-sample t-test), for the definition of activation extent, we applied a correction for multiple spatial comparisons within the ACC conflict effect region as a more stringent test of our a priori hypothesis.
To increase the power of this more fine-grained analysis, we examined conflict effect differences in the ACC computing SPM(t) maps contrasting monolinguals versus bilinguals for each of the 2 sessions. Results were small volume corrected at the voxel level using a sphere with 10 mm radius around the ACC cluster peak coordinates of the contrast between monolinguals versus bilinguals assessing differences in the magnitude of the conflict effect (two-sample t-test).
VBM-Behavioural/fMRI Correlational Analysis
Customized VBM8-DARTEL Preprocessing Data preprocessing were performed using SPM8 (Statistical Parametric Mapping software; http://www.fil.ion.ucl.ac.uk/spm) implemented in Matlab 7.4 (R2007a) (MathWorks, Natick, MA). For morphometric analysis of the data, we used VBM. A customized VBM approach was implemented following the combination of the VBM8 toolbox (http:// dbm.neuro.uni-jena.de/vbm.html) and the Diffeomorphic Anatomical Registration through Exponentiated Lie algebra toolbox (DARTEL) (Ashburner 2007) . The VBM8 toolbox was used to minimize the noise level of the segmentation. The DARTEL toolbox provided instead a highdimensional normalization protocol expected to increase registration accuracy, thereby increasing sensitivity and improving localization in our comparisons of bilingual and monolingual subjects.
Preprocessing included the following steps: 1) automatic reorientation of the all structural images to the anterior commissure; 2) segmentation of the anatomical images using the VBM8 toolbox; and 3) applying the DARTEL approach for registration, normalization, and modulation.
As a first processing step, to provide better initial estimates for the segmentation algorithm, a customized Matlab script was used to manually set the image space origin to the anterior commissure and align each image with the plane of the anterior and posterior commissures of the IXI-template included in the VBM8 toolbox.
At a second step, images were corrected for bias field inhomogeneities, registered using linear (12-parameter affine) transformations, and tissue-classified into GM, WM, and cerebrospinal fluid (CSF). The VBM8 toolbox improves tissue classification as additional tissue probability maps are included to better model CSF and other non-brain voxels. The segmentation procedure was further refined by applying 2 denoising methods. The first method is a spatially adaptive nonlocal means denoising filter (Manjon et al. 2010 ). This filter removed noise while preserving edges. The second method is a classical Markov random field approach, which incorporates spatial prior information of adjacent voxels into the segmentation estimation (Rajapakse et al. 1997 ). This filter removed isolated voxels, which were unlikely to be a member of a certain tissue class and also closed holes in clusters of connected voxels of a certain class, resulting in a higher signal-to-noise ratio of the final tissue probability maps. The segmentation procedure from the VBM8 toolbox produced registered rigid-body aligned tissue segments for each image in the MNI template space.
At a third step, the GM and WM segments were input into DARTEL in order to create a customized DARTEL template, which reflected a highdimensional normalization of the average (local) anatomy of all subjects (both bilingual and monolingual group). DARTEL then registered the individual tissue segments to the template in order to obtain the individual deformation fields. These individual tissue deformations were then used to warp and modulate each participant's GM tissue maps for nonlinear effects in order to account for brain sizes. In the resulting images, each voxel represents an absolute amount of brain volume, equivalent to the brain volume per unit prior to normalization and because we applied a nonlinear spatial registration the same voxel location in each image can be assumed to correspond to the same brain structure.
To summarize, in this approach, a DARTEL template is created based on the registered tissue segments (GM and WM) in MNI space that are produced by the VBM8 segmentation procedure. Next, all individual deformation fields obtained via the DARTEL toolbox are used to warp and modulate the GM tissue segments to match this template.
Finally, the modulated GM and segments were written with an isotropic voxel resolution of 1.5 mm and smoothed with a 4 mm FWHM Gaussian kernel to increase signal to noise ratio. The considerably improved anatomical overlap of individual tissue maps obtained through the VBM8-DARTEL approach allowed the use of a small kernel width and thus facilitated a high spatial resolution of the voxel-level inference. After this preprocessing, we obtained smoothed modulated normalized data that we used for the statistical analysis.
Behavioral/Functional and Structural Data (Statistical Analysis)
To better interpret the significant fMRI findings and to test the association between regional GM volume in the ACC and the ''behavioral'' and ''functional'' conflict effect (Flanker incongruent--congruent), we performed 2 different analysis aimed at 1) establishing a ''behavioral--structural correlation'' between the ACC conflict effect region volumes and behavioral conflict effect values for all the participants and 2) to test if the association between GM density in the partial ACC volumes and the functional conflict effect is significantly stronger for the bilingual group relative to the monolingual group.
Behavioral Structural Correlation
The purpose of this analysis was to assess the relation between GM volumes extracted from the ACC conflict effect region and the behavioral conflict effect measured for all subjects. Nonsmoothed and modulated partial GM volumes in liters were extracted with the Easy Volume toolbox (http://www.sbirc.ed.ac.uk/cyril/cp_download.html) (Pernet et al. 2009 ) from the ACC conflict effect region for each subject in both groups. The effect of GM volumes on behavioral measures was examined through a simple linear regression analysis. Assumptions of linear regression were confirmed. The predictor variable (GM volumes) was normally distributed (D(31) = 0.14). Residuals of the predictor variable were consistent across values, showing homoscedasticity (Breusch--Pagan test: BP(1) = 2.56, P = 0.10; Koenker Test: K(1) = 1.46, P = 0.22) and were not autocorrelated (Durbin--Watson test: DW = 1.68).
VBM-Based Group Comparison of Associations between Conflict Effect Activity and ACC Structure in Bilinguals and Monolinguals
In order to test for group differences in terms of association strength between GM density in the ACC conflict effect region and the functional conflict effect between the bilingual and the monolingual group, we used the ACC conflict effect region as an exclusive mask in a VBM-based pairwise group comparison of associations. MarsBar (Brett et al. 2002) was employed to extract the mean blood oxygen level--dependent (BOLD) signal time series in the ACC for the functional conflict effect contrast (incongruent trials vs. congruent trials parameters of the Flanker task) for each individual in the bilingual group from Mask 1 (see search volume for conflict effect section) and for each individual in the monolingual group from Mask 2 (see search volume for conflict effect section). Specifically, a time series was extracted from the mean BOLD signal of all voxels within the mask defining the ACC for each single-subject contrast. This procedure resulted in one average fMRI contrast value for the conflict effect for each ACC region specific to each subject.
Groupwise comparison of the association between structural data (smoothed and modulated GM tissue segment for each subject) and functional data (functional conflict effect) for each subject was performed using a general linear model implemented in SPM5 (Statistical Parametric Mapping) with the conflict effect functional values defined as a covariate and the ACC conflict effect region as the explicit mask. This type of analysis is equivalent to an interaction model testing for different regression slopes in bilinguals and monolinguals between GM density in the ACC (defined by the between-group ACC conflict effect region mask) and conflict effect activity in each voxel (conflict effect activity by group interaction). Because we expected variance to differ between samples, we applied a nonsphericity correction. We restricted the statistical analysis to areas with a minimum probability value of 0.1 to avoid possible edge effects around tissue borders. Within the ACC mask, we set significance at a threshold of uncorrected P < 0.005.
Results
Behavioral Results
Proficiency Assessment
A quite similar pattern of performance was observed on the word lists to be translated from L1 to L2 and vice versa indicating that our participants may be classified as highproficient bilinguals (for details, see Supplementary Table S1 ). The means for percentages of errors for naming in the 2 languages for the bilingual group were, respectively, 1.96% (SD ±1.32) for L1 and 2.76% (SD ±1.6) for L2. Within this group, there was no difference for error rates between L1 and L2 (P = 0.17). These data underline the high L2 proficiency of our subjects. The mean error percentage of the monolingual group on the nouns was 2.46% (SD 1.13) and was comparable to the L1 naming of the bilingual group
Conflict Effect
We analyzed error rates and RTs in order to address differences in the adaptation to conflict between bilinguals and monolinguals. In both analysis, type of trial (congruent/incongruent) and session were within-subjects factors, and participant group (monolingual/bilingual) was a between-subjects factor (for details, see Table 1 ). We describe the results of the error analysis first and then focus on the interaction between trial type, session, and participant group in the RT analysis.
In the error analysis, incongruent trials induced fewer correct responses, F 1,29 = 10.14, P = 0.003, g 2 p =0:259, though there were more correct responses for these trials in the second session, F 1,29 = 6.87, P = 0.014, g 2 p =0:192.
In the RT analysis, there was no overall difference between the groups in mean RT, F < 1. There was a significant conflict effect (F 1,29 = 145.37, P < 0.0001, g In the bilingual group, as expected, the conflict effect significantly reduced (by 36 ms, 95% CI, 21--53 ms) in the second session (F 1,16 = 23.38, P < 0.001, g 2 p =0:594). By contrast, the 11 ms (95% CI, -20--41 ms) reduction for the monolingual group was not significant (F < 1, g 2 p =0:040). This result indicates a marked adaptive change in response to conflict for the bilingual group (Fig. 2) .
er-fMRI Results
Task Effects (Language Switching and Conflict Monitoring)
Bilinguals: language switching. Between language switching, as calculated by the direct comparison between language switch trials and language non-switch trials, yielded significant clusters of activity bilaterally in the ACC (Brodmann's area [BA] 32) and the left precentral gyrus (BA 6) (see Fig. 3 and Supplementary Table S2) .
Monolinguals: language switching. Within-language switching in monolinguals, as calculated by the direct comparison Table 1 Mean correct RT (milliseconds, ms) and proportion correct (%) as a function of group, session, and trial type (standard error in brackets) for the flanker task. between the noun--verb switch trials and their respective nonswitch trials, elicited no significant activity (see Fig. 3 and Supplementary Table S2 ). However, in order to verify whether or not monolinguals activated similar areas in switching given our a priori hypothesis (see Abutalebi and Green 2008) , we used an uncorrected threshold, (P < 0.001) with a spatial extent threshold of >15 contiguous voxels. At this lower threshold, the ACC was also activated. (see Fig. 3 and Supplementary Table S2) .
Bilinguals: conflict effect. The conflict effect in bilinguals, as calculated by the direct comparison between the incongruent and congruent trials of the flanker task, activated the following brain areas: bilaterally the ACC (BA 32), the left pre-SMA (BA 6), the left fusiform gyrus (BA 19/37) and the left middle occipital gyrus (BA 19), the right Precuneus (BA7), the right fusiform gyrus (BA 37), and the right inferior and superior occipital gyri (BA 18 and 19) (see Fig. 4 and Supplementary Table S2) .
Monolinguals: conflict effect. The conflict effect in monolinguals elicited brain activity in the left hemisphere in the following brain areas: ACC (BA 32), the middle frontal gyrus (BA 6), the inferior and superior parietal lobule (BA 7 and 40), the precuneus (BA 7/19), the superior and middle occipital gyrus (BA 19 and 19/37) , and in the head of the caudate. In the right hemisphere, brain activity was observed in the ACC (BA 24 and 32), the pre-SMA (BA 6), the inferior parietal lobule (BA 40), the angular gyrus (BA 39), the fusiform gyrus (BA 37), and the middle occipital gyrus (BA 19 and 19/37) (see Fig. 4 and Supplementary Table S2 ).
Conjunction analysis of language-switching and the conflict effect (i.e., flanker task) for bilinguals. The conjunction analysis, reporting what is commonly engaged by both experimental conditions, revealed bilateral brain activity along the mesial surface of the frontal lobes comprising the ACC (BA 32) and the pre-SMA (BA 6) (see Fig. 3 and Supplementary  Table S2 ).
Conjunction analysis of within-language switching and conflict effect (i.e., flanker task) for monolinguals. Brain activity for the conjunction analysis was observed bilaterally in the ACC (BA 32). Table S2 for coordinates). Likewise, monolinguals (top, right) activate the ACC (see Supplementary Table S2) , although this task is almost artificial in monolinguals. Finally, activity elicited by the conjunction analysis of language switching and conflict monitoring on a executive task (i.e., flanker task) in both groups (bottom). Activity related to bilinguals is depicted in red and in blue for monolinguals. As may be observed, the ACC is commonly engaged by these 2 different tasks. The second level T-maps are rendered on the mean structural image of the study sample (31 subjects) with MRIcron (http://www.sph.sc.edu/ comd/rorden/mricron/). monolinguals. We found 2 clusters (x = 5, y = 15, z = 40, 15 voxels, T = 3.46, P = 0.001; x = -2, y = 21, z = 48, 8 voxels, T = 3.27, P = 0.001) showing significant group differences in the positive correlation of conflict effect activity and ACC GM density (see Fig. 4 ). The resultant SPM-T map was then converted to a correlation coefficient SPM R-map and the Rvalue for the cluster with peak maxima at x = 5, y = 15, z = 40 was 0.364. The reverse comparison revealed no significant differences.
GM/fMRI: Regression Coefficient Group Comparison
In order to provide more robustness to the VBM-based correlational analysis, we tested if the size of the regression coefficient of GM values extracted from the cluster with peak coordinates (x = 5, y = 15, z = 40, N = 15 voxels) predicting functional conflict effect values was significantly different between the bilingual and the monolingual groups. Nonsmoothed and modulated partial GM volumes in liters were extracted with the Easy Volume toolbox (http://www.sbirc.ed.-ac.uk/cyril/cp_download.html) from the ACC cluster of interest for each subject in both groups. Levene's test for equality of variances was performed for both the predictor (GM values) and the dependent variable (conflict effect activity values) prior to statistically testing the difference between the size of the regression coefficients between the 2 groups. The Levene test showed that the variances between the groups of the data set were homogenous for both GM values (P = 0.478) and conflict effect activity values (P = 0.1). Boxplots of GM partial volumes are presented in the Supplementary Figure S1 for the bilingual and monolingual group, which exclude the presence of outliers.
Correlation and regression analysis were subsequently performed separately for the bilingual and monolingual groups. Among bilinguals, GM values extracted from the ACC cluster of interest correlated positively with functional conflict effect values (Pearson correlation: r = 0.453, N = 17, P = 0.034). For the monolingual group, GM values were not significantly associated to functional conflict effect values (Pearson correlation: r = -0.39, N = 14, P = 0.084) (see Fig. 6 ).
Given our interest in differences between bilinguals and monolinguals, we carried out an exploratory post hoc analysis on the difference between slopes of regression lines for GM values for bilinguals and monolinguals. This analysis showed that GM values predict functional conflict effect values significantly more for bilinguals than monolinguals (b = 1.309, t = 2.350, P = 0.026). The slope for GM-related increments in functional conflict effect values indicated that these values increased for bilinguals (b = 0.453, t = 1.967, P = 0.068), though decreased for monolinguals (b = -0.390, t = -1.469, P = 0.17).
Discussion
The aim of the present study was 2-fold. First, to determine whether language control in bilinguals relies on a neural system shared with more general cognitive control processes. On the basis of our functional neuroimaging results, we can conclude that the neural structure commonly engaged by both cognitive processes is the dorsal ACC. Our second aim was to determine whether bilingualism induces beneficial structural and functional neuroplasticity. Our findings are affirmative. Remarkably, at the structural level in the dorsal ACC, bilinguals compared with monolinguals show first a positive correlation of behavioral measures and local GM volume and, second, a positive correlation of conflict effect related brain activity and local GM volume. At the functional level, bilinguals also use the ACC more efficiently to monitor cognitive conflicts beyond the linguistic domain. They adapted better to the conflicting situations. Indeed, they seem to require less ACC activity to outperform monolinguals. These aspects will be discussed in detail.
Is Language Control Part of the Domain-General Cognitive Control Network? In line with previous neuroimaging studies Wang et al. 2007 Wang et al. , 2009 , switching between languages elicited increased activity bilaterally in the ACC (BA 32) and the left precentral gyrus (BA 6) ( Fig. 3 and Supplementary Table S2) .
We also investigated what happens in monolinguals when they switch between 2 linguistic tasks within a single language. We asked them to either name a picture or generate a verb in response to it. This is an artificial task that differs cognitively from the language-switching task of bilingual speakers. Clearly, caution is needed in interpreting our results given the likely difference in cognitive process that implement the 2 tasks. Controlling competing naming responses in different languages is arguably routine for the bilingual and involves mechanisms that allow the nontarget language to dominate. By contrast, verbs are typically recruited to express event information, and their selection is constrained by that requirement. However, the within-language task, like the between-language task, requires a switch in naming response conditional on a nonverbal cue. The contrast between switch and non-switch trials (pooled over noun and verb) is not confounded by any difference in difficulty in generating responses, and indeed, monolingual speakers also activated bilateral ACC (BA 32), although at an uncorrected threshold (P < 0.001).
Hence, it may be concluded that the ACC is one of the chief areas responsible for the cognitive processes underlying both between-language switching (common amongst bilinguals) and within-language switching in monolinguals. The conjunction analysis performed to detect whether language control processes (i.e., those involved in language switching) and cognitive control processes in general (i.e., those involved in resolving conflict in the flanker task) have a common neural substrate revealed bilateral activity in the dorsal ACC for both bilingual and monolingual groups. The bilingual group, in addition, showed activity in the pre-SMA (Fig. 3) . Importantly, the pre-SMA is increasingly recognized for its role, along with the ACC, in the performance of demanding tasks such as the Trail Making Test-B, in terms of response control, performance monitoring, error detection, feedback, and related processes (Bush et al. 2000; Hester et al. 2005; Nachev et al. 2008) . The peak activation in the pre-SMA is within a region identified as the rostral cingulate zone (Ridderinkhof, Ullsperger, et al. 2004; Ridderinkhof, van den Wildenberg, et al. 2004 ), which overlaps with anatomical loci labeled ''dorsal ACC'' in other studies on cognitive control and performance monitoring (MacDonald et al. 2000; Kerns et al. 2004; Brown and Braver 2005) . We suggest therefore that the brain structure responsible for detecting and aiding the resolution of conflicts whether in the verbal or in the nonverbal domain is the dorsal ACC. Indeed, the stereotactic coordinates of the ACC activations fall in a region overlying the cingulate sulcus, within BAs 24 and 32, associated with the ACC response to conflict elicited in different processing domains and different response modalities (Barch et al. 2001; Beckmann et al. 2009 ).
Therefore, in line with the theoretical proposals of conflict monitoring theory (Botvinick et al. 2001) , dorsal ACC fulfills a common function in language switching (Abutalebi and Green 2007) and in the flanker task: it detects and signals the presence of interference with the current task goal. The precise mechanisms invoked in cognitive control will depend on the specifics of the task. Avoiding a visual distractor, for example, invokes inhibitory processes in the frontal eye fields (e.g., McSorley et al. 2006) . We therefore do not claim that the mechanisms of language control completely overlap with those invoked in a visual attention task.
The Neurocognitive Advantage of Bilinguals
Given that dorsal ACC is crucially involved in monitoring cognitive conflicts (e.g., Carter et al. 1999; Fan et al. 2002; 2003; Kerns et al. 2004) , and on the assumption of its use in language control (e.g., Abutalebi and Green 2007), we predicted that early bilingualism may ''tune up'' the ACC and make it more efficient at handling conflict. Indeed, the fundamental difference between the bilingual and monolingual groups in our study is that language control in bilinguals (as required in switching between languages or in avoiding inappropriate language switching) is a necessity in everyday life. Therefore, we hypothesized that the early bilingualism may induce experience-driven neurofunctional plastic changes in the dorsal ACC for the bilinguals. If this is the case, then we might expect a strong coupling between functional activity for resolving conflict in our region of interest and GM density. Likewise, we also postulated a strong correlation between the behavioral measure (i.e., RTs) of the conflict effect and GM density.
We used VBM to analyze the correlation of local GM density in the dorsal ACC with the functional conflict effect (as measured with fMRI) in the flanker task. Over both groups of subjects, we found a significant correlation between the functional conflict effect and GM volumes bilaterally in the dorsal ACC region of interest. A groupwise comparison of the association between structural and functional data confirmed that the positive correlation between conflict effect activity and ACC GM density (see Fig. 4 ) was significantly stronger for bilinguals than monolinguals. These data provide a direct link between morphometric adaptive changes induced by bilingualism, in a brain region known to support more general cognitive control, and the functional demand induced by nonverbal conflict. Remarkably, this functional/structural correlation was paralleled by the correlation between behavioral data (i.e., the conflict effect) and GM density. Indeed, higher values of GM volume in the ACC conflict effect region were significantly associated with a lower conflict effect in bilinguals but not in monolinguals.
The behavioral data are also consistent with the notion that experience may tune the efficiency of this structure. Bilinguals, but not monolinguals, revealed a marked decrease in the conflict effect in the second session of the flanker task suggesting that they are better able to adjust to conflict, hence, to adapt to conflicting situations. The neurofunctional data provide strong converging support.
The comparison of monolinguals with bilinguals yielded an extensive cluster of activity in the right ACC (BA 24/32) (Fig.  4) . It is noteworthy that the reverse comparison (bilinguals vs. monolinguals) yielded no significant difference. This observation is consistent with the notion that bilinguals require fewer neural resources to monitor cognitive conflict in these regions and are consistent with other data (Luk et al. 2010) suggesting that bilingualism selectively affects the neural network involved in resolving nonverbal conflict or interference.
Our analysis of ACC activity in the 2 sessions of the flanker task extends the data on this point. As shown in Figure 2 , bilinguals activated the ACC less than monolinguals already in the first session. However, in the second session, they showed a radical and significant decrease in signal in the dorsal ACC (x = 2, y = 22, z = 44), whereas the monolingual group did not as reported in our interaction analysis. This decrease is correlated with the decreased conflict effect observed in the behavioral data.
In conclusion, from our combined findings, we suggest that practicing lifelong bilingualism has neurocognitive benefits. The fact that bilinguals learn early in life to resolve language conflicts and to avoid speaking in the nontarget language leads to beneficial plastic changes in the dorsal ACC. Bilinguals not only resolve cognitive conflicts with less neural resource but their brain also adapts better to conflicting situations as shown in our sessions effects analysis of the flanker task. The ACC conflict effect region is more tuned for conflict monitoring in bilinguals. Despite continuing misconceptions that early learning of 2 languages causes intellectual delay in childhood (see for critical review, Wei 2007), the neural evidence points in a different direction: early learning and use of an L2 tunes up the human brain.
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